A theoretical method to calculate the evolution of the size distribution of oil-droplets in O/W emulsions over time was proposed based on the model where the coalescence rate of two oil-droplets was expressed by second-order kinetics using the rate constant evaluated from the activation energy for coalescence. The force between two oil-droplets of different diameters was appropriated by the force between two oil-droplets of equivalent diameter, and the increase in the rate of the number density of oil-droplets was estimated by solving the mass balance equation. The evolution of the size distribution of oil-droplets in several conditions agreed well with well-known features of coalescence of oil-droplets in O/W emulsion such as instability with larger oil-droplet size.
Introduction
Oil-in-water (O/W) emulsions, which are widely used in the food, cosmetic, and pharmaceutical industries, are thermodynamically unstable or pseudo-stable. However, the preparation of highly stable emulsions is important for industrial applications, and many experimental efforts have been expended for improving the stability of these emulsions [1] . It is empirically known that emulsions containing small oil-droplets are more stable. Since the stability of O/W emulsions is related to the size of the oil-droplets, theoretical as well as experimental studies have been conducted to predict the size distribution of the oil-droplets in the O/W emulsions prepared under various emulsification conditions [2] [3] [4] . Theoretical predictions of the size distribution facilitate reasonable design of the emulsification process, and enable us to predict the effects of some factors, such as the viscosity of the continuous phase, mean oil-droplet size, and size distribution, on the stability. Conversely, prediction of the destabilization process is expected to provide the knowledge required to prepare stable emulsions. A few studies on predicting or calculating the changes in the size distribution of the oil-droplets in the cream layer of dense O/ W emulsions have been reported [5] .
In many cases, the coalescence rate of the oil-droplets is treated by second-order kinetics [6] . In order to analytically calculate the change in the size distribution of the oil-droplets based on the kinetics, we need to determine the rate constant for the coalescence of oil-droplets of various sizes. When the activation energy for coalescence is known, we can estimate the rate constant.
Previously, we [7] proposed a model to estimate the effects of various parameters, such as oil-droplet size, surface potential of the oil-droplets, and viscosity of the continuous phase, on the stability of dense O/W emulsions based on the DLVO theory [8] and Stokes' law. The model was able to successfully predict that emulsions with smaller oil-droplets were more stable than those with larger oil-droplets, which was consistent with our experience. We have recently modified the model to enable the prediction of activation energy for the coalescence of oil-droplets of any size [9] .
In this study, we propose a theoretical method to calculate the evolution of the size distribution of oil-droplets in O/W emulsions over time, based on the modified model.
Theoretical Considerations
The coalescence rate of two oil-droplets of diameters The value of the frequency factor for coalescence, k 0 , is unknown. In the present study, we assume the value of k 0 to be 1, in order to understand the relative change in the size distribution of the oil-droplets over time. Based on the modified model and using this assumed value of k 0 , the smaller oil-droplet has a larger value of E, and the rate constant, k, tends towards 0, compared to the larger oil-droplet, which has a smaller value of E, and whose rate constant tends towards 1. Thus, the rate constant ranges between 0 and 1, depending on the equivalent diameter of the oil-droplets. The value of E for the coalescence of two oil-droplets with the equivalent diameter, D e , can be obtained from our previous study [9] .
The increase in the rate of the number density of the oil-droplets with diameter D i is given by Eq. (4), based on the mass balance equation.
The first and second terms on the right-hand side of Eq. 
where θ is the dimensionless time defined by Eq. (7).
In order to solve Eq. (6) 
Results and Discussion
For parameters other than the diameter of the oildroplet, the same values were used as those in our previous studies [7, 9] Under these conditions, the activation energy E for the coalescence of oil-droplets with an equivalent diameter of D e was evaluated from our previous study [9] . For the oil-droplet with the smallest size of 0.183 μm (Figure 1(a) ), the rate constant for coalescence was small because of the large activation energy. Since the coalescence rate was very slow for the small oil-droplets, the change in the size distribution was also very slow. In this case, the coalescence of small oil-droplets was the rate-limiting step, and the frequencies of the number densities of larger oil-droplets were very low. The emulsion was ver y stable when the oil-droplet size was of the oil-droplets when the size of the smallest oil-droplet was larger than that in Fig. 1(a) . The activation energy in this case was lower than that in the former case ( Fig. 1(a) ). The rate constant was ca. 1/10th of the maximum rate constant of 1. Therefore, in this case, the coalescence of small oil-droplets was not rate-limiting, and the size distribution changed quickly. Although the peak in the size distribution cur ve remained in the region of small oil-droplet size, the peak gradually shifted towards larger oil-droplet sizes, over time. The change in the size distribution was similar to the change that was experimentally observed by Mita et al. [13] . having a homogeneous oil-droplet size distribution is more stable than that having an inhomogeneous one (Fig. 2) . Although the addition of large oil-droplets showed signs of destabilizing the emulsion, its effect was 
